A two-photon fluorescent probe (ACaCL) that can detect near-membrane Ca 2+ is reported. This probe can be excited by 780 nm fs pulses, shows high photostability and negligible toxicity, and can visualize near-membrane Ca 2+ in live cells and deep inside live tissues by two-photon microscopy.
, is a ubiquitous second messenger used in signal transduction. Movement of the Ca 2+ into and out of the cytoplasm functions as a signal for numerous cellular processes such as fertilization, cell death, sensory transduction, muscle contraction, motility, exocytosis, and fluid secretion.
1,2 In mammalian cells, the calcium level is tightly regulated for its survival; it brings in Ca 2+ from the extracellular space or from internal Ca 2+ stores such as endoplasmic reticulum (ER) and extrudes excess Ca 2+ to the outside. Moreover, many physiological functions such as exocytosis, control of membrane K + and Ca 2+ permeability, and enzyme activity are regulated by cytosolic Ca 2+ just beneath the membrane. To understand these functions, it is crucial to investigate the changes in near-membrane Ca 2+ concentration and the translocation of Ca 2+ across the plasma membrane. For this purpose, a few fluorescent probes such as C18-Fura-2 and Calcium Green C18 have been developed. 3 However, the fluorescence images of the cells labeled with these probes were blurred and tissue imaging was not possible due to the short excitation wavelength (< 500 nm). To overcome these shortcomings, we have developed a two-photon (TP) probe (ACaL, Chart 1) for near-membrane Ca 2+ that can be excited by 780 nm fs pulses, shows high photostability and negligible toxicity, and can clearly visualize near-membrane Ca 2+ in the live cells for more than 1,500 s and living tissues at 120 µm † This paper is dedicated to Professor Sunggak Kim on the occasion of his honorable retirement.
depth without the interference from other metal ions by twophoton microscopy (TPM). 4 TPM, which employs two lower energy, near-infrared photons as the excitation source, is gaining much interest among biologists due to the advantages such as increased penetration depth (> 500 µm), localized excitation, and prolonged observation time. [5] [6] [7] For maximum utilization of TPM, many TP probes for specific applications are needed. However, TP probe for such applications are rare.
In this connection, we have developed a new TP probe for near-membrane Ca 2+ derived from O,O'-bis(2-aminophenyl) ethyleneglycol-N,N,N',N'-tetraacetic acid (abbreviated BAP-TA) as the Ca 2+ receptor and 2-(N-carboxy-N-methylamino)-6-laurylnaphthalene (CL) as the reporter (ACaCL; Chart 1). BAP-TA is a well known Ca 2+ chelator that has been widely employed in various one-photon fluorescent probes such as Fura-2, Fluo-3, Rod-2, 3 as well as in a TP probe (ACa1) 8 whereas CL is a TP polarity probe that can better reflect the polarity of the cell membrane than laurdan. 9 Herein, we report that ACaCL (Chart 1) is capable of detecting the near-membrane Ca 2+ in live cells and living tissue at >100 µm depth without mistargeting and photobleaching problems.
Results and Discussion
Synthesis of ACaCL is summarized in Scheme 1. A and CL were available from previous studies. 4, 9 ACaCL was prepared in 25% yield by the coupling between A and CL followed by hydrolysis.
The absorption and emission spectra of ACaCL show gradual bathochromic shifts with the solvent polarity in the order, 1,4-dioxane < DMF < EtOH < H 2 O (Figure 1 and Table 1 ) and the effects are greater for the emission (69 nm) than those for the absorption spectra (10 nm). Moreover, the emission spectra of ACaCL show larger bathochromic shift than ACaL (54 nm), in- dicating a higher sensitivity of ACaCL to the solvent polarity. This can be attributed to the polar amide group between the receptor and fluorophore in ACaCL that can be better solvated by the polar solvent in the excited state, thereby enhancing the intramolecular charge transfer (ICT). When Ca 2+ was added to ACaCL in 3-(N-morpholino)propanesulfonic acid (MOPS) buffer solution (30 mM, pH 7.2), the fluorescence intensity increased gradually with the metal ion concentration without affecting the absorption spectra ( Figure  2a , indicating a reasonable sensitivity to the change in the Ca 2+ concentration ( Table 2 ). The value is smaller than that reported for ACaL (FEF = 10 -12), which can be attributed the higher fluorescence quantum yield of ACaCL (0.020) than ACaL (0.0037) in the absence of Ca Table 2 ). The larger K d value for ACaCL can be attributed to the absence of electron-donating para-methyl group in the BAPTA which may have reduced the binding ability.
We have also determined the Kd OP values in vesicles composed of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)/40 mol % cholesterol (CHL), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), and DOPC/sphingomyelin/CHL (1:1:1, raft mixture), to assess whether ACaCL can detect near-membrane Ca 2+ . It is well accepted that the cell membrane is composed of liquid-ordered (lo) and liquid-disordered (ld) domains, and DP- λmax of the one-photon absorption and emission spectra in nm. (empty bars) followed by addition of 100 µM Ca 2+ (filled bar). These data were measured in 30 mM MOPS buffer (100 mM KCl, 10 mM EGTA, pH 7.2).
PC/CHL, DOPC, and raft mixture are good models for the l o and ld domains and the cell membrane, respectively. 8, 11 The Kd OP values measured in these vesicles are 0.11 ± 0.03, 0.11 ± 0.02, and 0.091 ± 0.010 µM, respectively (see footnotes under Table  2 and Figure S2 in the Supporting Information). The values are ~2-fold larger than that measured in MOPS buffer. This outcome can be attributed to the lauryl group, which may stabilize the ACaCL-Ca 2+ complex by inducing more hydrophobic environment around BAPTA. Moreover, the spectrum of ACaCL-Ca 2+ complex in the raft mixture show λmax at 439 nm with a shoulder, which can be fitted to two Gaussian functions centered at 432 and 468 nm, respectively (Figure 4) . The values are very similar to those measured in DPPC/CHL and DOPC, respectively, indicating that the emission in the raft mixture can reasonably reflect both of the lo and ld domains (Figure 4) ). Furthermore, it was pH-insensitive at pH > 6.5 ( Figure S3b in the Supporting Information).
The TP action spectrum of the Ca 2+ complexes with ACaCL in buffer solution indicated a Φδ value of 100 GM at 780 nm, , which are good models for C18-Fura-2 and Calcium Green C18 (Table 2 ). This predicts that the TPM images of samples stained with ACaCL would be much brighter than those stained with the existing probes. In addition, the two-photon fluorescence enhancement factor (TFEF) estimated from the two-photon titration curve was 6, the value that could allow detection of Ca 2+ by TPM ( Table 2 ). The pseudocolored TPM image of cultured ROS cells [rat osteoblast-like osteosarcoma cells (ROS 17/2.8)] labeled with 5 µM ACaCL reveals the Ca 2+ distribution in the plasma membrane. The TPEF spectrum from the plasma membrane (red curve) was unsymmetrical and could be fitted to two Gaussian functions with peak maxima at 444 nm (blue curve) and 510 nm (green curve), respectively ( Figure 7 ). The spectrum is very similar to that measured in the raft mixture with similar peak maxima of the dissected Gaussian functions ( Figure S5 in the Supporting Information), indicating that the TPM image is most likely due to the ACaCL-Ca 2+ complexes associated with l o and ld domains. Moreover, the TPM images collected at 360 -460 and 500 -620 nm ranges are almost the same except for the brightness (Figures 2c and 2d ). This reveals that Ca 2+ is almost evenly distributed in both domains. The combined results indicate that the near-membrane Ca 2+ of the cells labeled with ACa-CL can be detected by using the detection window at 360 -620 nm by TPM.
We next monitored TPEF intensity of the ACaCL-labeled ROS cells after addition of parathyroid hormone (PTH), a hormone that stimulates the cells to release free Ca 2+ ([Ca   2+ ]i) from intracellular stores.
12 When PTH (100 nM) was added to the ROS cells, the TPEF intensities in the cell membrane began to rise after 50 -100 s, reached at the maxima after 150 -200 s, and then decreased to the basal levels after ~1200 s (Figure 8c ). This indicates that the PTH has indeed stimulated the cells to release excess [Ca 2+ ]i, which was then extruded from the cell to the outside to maintain low calcium level. The TPEF intensities were more enhanced and the decay rates were slower (Figure 8d ), when PTH was added after treating the cells for 10 min with thapsigarin (5 µM), an inhibitor that blocks the re-entry of Ca 2+ into intracellular store formed by endoplasmic reticulum (ER). 13 These results indicate that ACaCL is clearly capable of detecting We then investigated the utility of this probe in tissue imaging. TPM images were obtained from a part of fresh rat hippocampal slice incubated with 10 mM ACaCL for 30 min at 37 o C. The bright field image reveals the CA1 and CA3 regions as well as the dentate gyrus (DG, Figure 4a ). The TPM image obtained at a higher magnification clearly reveals Ca 2+ distribution in the cell membrane at 120 mm depth in live tissue (Figure 4b ). Further, when ethylene glycol tetraacetic acid (EGTA), a membrane-permeable Ca 2+ chelator that can effectively remove Ca 2+ , was added to the imaging solution, the TPEF intensity decreased (Figure 4c ). These findings demonstrate that ACaCL is clearly capable of detecting membrane Ca 2+ at 120 mm depth in live tissues using TPM.
In conclusion, we have developed a TP probe (ACaCL) that shows 6-fold TPEF enhancement in response to Ca 2+ , dissociation constants (Kd TP ) of (0.061 ± 0.005) µM, pH-insensitive in the biologically relevant pH, and emit 3-fold stronger TPEF than Calcium-Green and Fura-2 upon complexation with Ca 2+ . Better than the currently available probes, this probe can visualize near-membrane Ca 2+ in the live cells for more than 1,500 s and living tissues at 120 mm depth without the interference from other metal ions.
Experimental Section
Synthesis of ACaCL. A mixture of A (0.050 g, 0.13 mmol) and [3-(dimethylamino) propyl]carbodiimidehydrochloride (0.029 g, 0.15 mmol) was stirred at rt for 1 h. To this solution, a mixture of CL and 4-dimethylaminopyridine (0.0020 g, 0.019 mmol) in CH2Cl2 was added and stirred at rt overnight. The product was extracted with ethyl acetate and water (pH 3 ~ 4), and purified by flash-column chromatography by using CHCl3/ MeOH (10:1) as the eluent to obtain tetramethyl ester of ACaCL (B). Yield: 40 mg (32%); 74 (t, 2H), 1.28 (s, 16H), 0.90 (m, 3H) .
Spectroscopic measurements. Absorption spectra were recorded on a Hewlett-Packard 8453 diode array spectrophotometer, and fluorescence spectra were obtained with AmicoBowman series 2 luminescence spectrometer with a 1 cm standard quartz cell. The fluorescence quantum yield was determined by using Coumarin 307 as the reference by the literature method. , where F is measured fluorescence intensity, Fmax is maximum fluorescence intensity, Fmax is minimum fluorescence intensity, and mo is the metal ion concentration, respectively. This predicts that the plot of (F-Fmin)/(Fmax-F) vs mo should be linear as depited in Figure 2b .
Determination of apparent dissociation constants. A series of calibration solutions containing various [Ca 2+ ] was prepared by mixing two solutions (solution A containing 10 mM K2EGTA and solution B containing 10 mM CaEGTA) in various ratios. 3, 15 Both solutions contained 1 µM ACaCL, 100 mM KCl, 30 mM MOPS, and they were adjusted to pH 7.2. To determine the Kd for Ca 
where F is the observed fluorescence intensity, Fmin is the minimum fluorescence intensity, and Fmax is the maximum fluorescence intensity. The Kd value that best fits the titration curve ( Figure 3 ) with above equation was calculated by using the Excel program as reported.
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In order to determine the K d TP for the two-photon process, the TPEF spectra were obtained with a DM IRE2 Microscope (Leica) using the xy mode at 800 Hz scan speed. They were excited by a mode-locked titanium-sapphire laser source (Coherent Chameleon, 90 MHz, 200 fs) set at wavelength 780 nm and output power 1180 mW, which corresponded to approximately 10 mW average power in the focal plane. The TPEF titration curves ( Figure 3 and Supporting Information, Figure S2 ) were obtained and fitted to the equation shown above.
Measurement of two-photon cross section. The two-photon cross section (δ) was determined by using femto second (fs) fluorescence measurement technique as described. 17 ACa1-ACa3 and Oregon Green ® 488 BATPA-1 were dissolved in 30 mM MOPS buffer (100 mM KCl, 10 mM EGTA, pH 7.2) at concentrations of 1.0 × 10 -5 M and then the two-photon induced fluorescence intensity was measured at 740 -940 nm by using fluorescein (8.0 × 10 -5 M, pH = 11) as the reference, whose twophoton property has been well characterized in the literature. 18 The TPA cross section was calculated by using δ = δ r (S s Ф r ø r c r ) / (SrФsøscs): where the subscripts s and r stand for the sample and reference molecules. The intensity of the signal collected by a CCD detector was denoted as S. Φ is the fluorescence quantum yield. ø is the overall fluorescence collection efficiency of the experimental apparatus. The number density of the molecules in solution was denoted as c. δ r is the TPA cross section of the reference molecule. Cell culture. Astrocytes were taken from cerebral cortices of 1-day-old rats (Sprague-Dawley; SD). Cerebral cortices were dissociated in Hank's balanced salt solution (HBSS; Gibco BRL, Gaithersburg, MD, USA) containing 3 U/mL papain (Worthington Biochemical Corporation, NJ, USA) and plated in 75 mm flasks. To prepare purified astrocytes culture, flasks were shaken for 6 h on a shaker at 37 o C, and the floating cells that were displaced into the media were removed. Astrocytes were passaged with 5 min exposure to 0.25% trypsin and replated onto poly-D-lysin-coated glass coverslips at 50 ~ 100 cells/ mm 2 and were maintained in Dulbecco's modified Eagle's medium (DMEM; Gibco) supplemented with penicillin/streptomycin and 10% fetal bovine serum (FBS; Gibco) in a CO2 incubator at 37 o C. After 7 -15 days in vitro, astrocytes were washed three times with serum-free media, and then incubated with 5 µM of ACaCL in serum-free media for 10 min at rt. The cells were washed three times with phosphate buffered saline (PBS; Gibco) and then imaged after further incubation in colorless serum-free media for 15 min. For characterization of Ca 2+ efflux by ROS17/2.8 cells, ACaCL-labeled cells were stimulated with 100 nM of hPTH (parathyroid hormone 1 -34, human, Calbiochem, Merck, Germany). 19 To test the effects of the inhibitor, cells were pre-incubated with thapsigargin (5 µM) for 10 min at 37 o C in the incubator. Two-photon fluorescence microscopy. Two-photon fluorescence microscopy images of ACaCL-labeled astrocytes and tissues were obtained with spectral confocal and multiphoton microscopes (Leica TCS SP2) with a ×100 oil objective, numerical aperture (NA) = 1.30. The two-photon fluorescence microscopy images were obtained with a DM IRE2 Microscope (Leica) by exciting the probes with a mode-locked titanium-sapphire laser source (Coherent Chameleon, 90 MHz, 200 fs) set at wavelength 780 nm and output power 1180 mW, which corresponded to approximately 10 mW average power in the focal plane. To obtain images at 360 ~ 620 nm, 360 ~ 460 nm, and 500 ~ 620 nm range, internal PMTs were used to collect the signals in an 8 bit unsigned 512 × 512 pixels at 400 Hz scan speed.
Preparation and staining of acute rat hippocampal and hypothalamic slices. Slices were prepared from the hippocampi and the hypothalmi of 2-day-old rat (SD). Coronal slices were cut into 400 µm-thick using a vibrating-blade microtome in artificial cerebrospinal fluid (ACSF; 138.6 mM NaCl, 3.5 mM KCl, 21 mM NaHCO3, 0.6 mM NaH2PO4, 9.9 mM D-glucose, 1 mM CaCl 2 , and 3 mM MgCl 2 ). Slices were incubated with 10 µM ACa2-AM in ACSF bubbled with 95% O2 and 5% CO2 for 30 min at 37 o C. Slices were then washed three times with ACSF and transferred to glass-bottomed dishes (MatTek) and observed in a spectral confocal multiphoton microscope.
One-photon fluorescence titration curve in vesicle and Twophoton absorption spectra are available on request from the correspondence author.
